AK032317 is the GenBank accession no. of a full-length RIKEN mouse cDNA. It encodes a putative variant of the C3-type TRPC (transient receptor potential channel) that differs from the previously cloned murine TRPC3 cDNA in that it has a 5 extension stemming from inclusion of an additional exon (exon 0). The extended cDNA adds 62 aa to the sequence of the murine TRPC3. Here, we report the cloning of a cDNA encoding the human homologue of this extended TRPC3 having a highly homologous 73-aa N-terminal extension, referred to as hTRPC3a. A query of the GenBank genomic database predicts the existence of a similar gene product also in rats. Transient expression of the longer TRPC3a in human embryonic kidney (HEK) cells showed that it mediates Ca 2؉ entry in response to stimulation of the Gq-phospholipase C ␤ pathway, which is similar to that mediated by the shorter hTRPC3. However, after isolation of HEK cells expressing hTRPC3 in stable form, TRPC3a gave rise to Ca 2؉ -entry channels that are not only activated by the Gq-phospholipase C ␤ pathway (receptor-activated Ca entry) but also by thapsigargin triggered store depletion. In conjunction with findings from our and other laboratories that TRPC1, TRPC2, TRPC4, TRPC5, and TRPC7, can each mediate storedepletion-activated Ca 2؉ entry in mammalian cells, our findings with hTRC3a support our previous proposal that TRPCs form capacitative Ca-entry channels.
T
RPCs (transient receptor potential channels) are the founding members of the superfamily of TRP channels. Other subfamilies include the TRPV (TRP, vanilloid subfamily) and TRPM (TRP, melastatin subfamily) channels (1) . TRPs encode cation channels with widely varying cation selectively and widely differing mechanisms of activation. TRPCs have been expressed in reporter cells, such as HEK 293 and CHO cells, and found to be activated by protocols that lead to activation of the Gqphospholipase C (PLC) signaling pathway that leads to formation of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol. Current evidence supports the hypothesis that activated IP3 receptors both release Ca 2ϩ from intracellular stores by virtue of their function as Ca 2ϩ release channels and activate TRPC channels at the plasma membrane by virtue of a TRPC-activating function. This latter function requires protein-protein interaction between IP3 receptors and TRPCs, which has been shown to occur (2) .
In addition to agonist-activated Ca 2ϩ influx that accompanies the IP3 receptor-mediated cascade described above, mammalian cells exhibit the phenomenon of capacitative Ca 2ϩ entry (CCE), also store-depletion-activated Ca entry, and TRPCs have been proposed to be the molecular units that form CCE channels (2, 3) .
It has been a matter of discussion whether some, all, or none of the TRPC class of ion channels form store-operated CCE channels. CCE channels are activated without coactivation of PLC and formation of IP3 and diacylglycerol. The reason for the uncertainty lies in the fact that, for the most part, TRPCs overexpressed in reporter cells are not activated by mere store depletion, such as elicited by treating cells with the intracellular Ca 2ϩ pump-inhibitor thapsigargin. Yet, there are several reports in support of the hypothesis that TRPCs form CCE channels. Zitt et al. (4) and Liu et al. (5) reported augmented thapsigargininduced activity in cells transfected with TRPC1. TRPC2 was activated by thapsigargin in transiently transfected human embryonic kidney (HEK) cells (6) , and sperm cell thapsigarginactivated Ca 2ϩ influx was inactivated by a TRPC2-selective antibody (7). Philipp et al. (8) and Freichel et al. (9) reported store-depletion-induced activation of TRPC4, and Philipp et al. (10) were able to activate TRPC5 in transfected cells. Riccio et al. (11) and, more recently, Livremont et al. (12) have reported activation by store depletion of TRPC7 expressed in cultured cells. In contrast, studying TRPC3, Schultz and coworkers (13), Kamouchi et al. (14) , and we (unpublished data) have been unable to activate this channel by inhibition of endogenous sarcoplasmic-endoplasmic reticulum Ca 2ϩ pumps with thapsigargin without concurrent activation of PLC or addition of IP3.
Recent studies suggest that among the variables affecting the characteristics of TRP-type ion channels is the level at which TRPC-type channels are expressed. This was alluded to in a report by Yue et al. (15) , who invoked current density as a factor relevant to the permeation properties of TRPV6, and it was clearly shown to be an important variable by Schindl et al. (16) . The possibility that expression level may be an important variable in need of control was further emphasized by Vazquez et al. (17) working with chicken DT40 cells. These authors observed differing susceptibility to regulation by store depletion depending on the ''strength'' of the promoter used to express TRPC3. TRPC3 expressed under control of a weak promoter in the avian cells was activated by store depletion, whereas expression under control of a strong chicken actin promoter, led to TRPC3 channels insensitive to thapsigargin. Their work raised the possibility that ''store-depletion-insensitive'' TRPC3 channels may nevertheless be able to form store-depletion-activated channels also in mammalian cells if expression levels were controlled. In agreement with this hypothesis, Schulz and coworkers reported in a short communication that a rat TRPC3 cDNA generated thapsigargin-activated Ca 2ϩ entry but only if tested at early times after transfection (18) .
Studies on the mechanism of TRPC channels activation are complex, not only because of the nature of the putative regulatory mechanisms that may be involved but also because of existence of splice variants. Splice variants have been described for TRPC1 (19) , TRPC2 (6, 20) , TRPC4 (21), TRPC5 (10), and TRPC3 (22) , for which a shorter version in the rat (TRPC3sv), that lacks nucleotides that would code for two of the three N-terminal ankyrin repeats. TRPC3sv was shown to be a Ca 2ϩ -activated nonselective cation (CAN) channel that could also be activated by depolarization and ionomycin but was insensitive to thasigargin (22) . In this context, it was of interest that the RIKEN genome sequencing consortium deposited into the GenBank database what appeared to be an additional TRPC3 splice variant (GenBank accession no. AK032317) cloned from a mouse olfactory-bulb cDNA library. This cDNA predicts an N terminally extended form of the channel for which no functional studies have been reported. Below, we report that upon stable expression of the human homologue of this splice variant, which we call TRPC3a, it behaves as a store-operated Ca 2ϩ -entry channel.
Materials and Methods
Fura-2-acetoxymethyl ester and thapsigargin were obtained from Molecular Probes; arginine vasopressin was obtained from Sigma-Aldrich, and tissue culture reagents were obtained from GIBCO. All other reagents were obtained from standard sources, and they were of the highest available chemical grade.
Recombinant DNA Techniques. Standard procedures as described in Sambrook et al. (23) were followed to manipulate plasmid DNAs and PCR products. The human homologue of the mouse TRPC3 cDNA (GenBank accession no. AK032317) was cloned by using standard PCR techniques and primers designed on the basis of the mRNA predicted from analyzing of the genomic human sequence of TRPC3a (GenBank accession no. AC108930). PCR products were cloned into pCR2.1-TOPO (Invitrogen) and assembled to yield the full-length cDNA, which was transferred into pCDNA3 (Invitrogen) downstream of the CMV promotor and pKNH downstream of the SV40 replication origin͞ promoter͞enhancer (24, 25) .
Tissue Culture. Standard tissue-culture procedures and reagents (GIBCO) were used throughout. HEK 293 cells were grown in DMEM with 1% L-glutamine, 10% heat-inactivated FCS, and 1% each of penicillin and streptomycin (GIBCO). Transfections to express TRPC cDNAs in transient or stable fashion were performed as described (26, 27) by using 60-mm dishes with HEK 293 cells that had been freshly plated at a density of 1 ϫ 10 6 cells per plate at 24 h before transfection and Lipofectamine 2000 (Invitrogen) as the DNA carrier. For transient expressions, the cDNAs were under the control of the CMV promoter of pCDNA3 and were cotransfected with 1͞10th the amount of the V1a vasopressin receptor cDNA (28) also in pCDNA3. Total DNA in the transfection mixture added to 60-mm dishes was 5-7 g. HEK cell lines expressing human TRPC3a in stable form were obtained by transfecting the cDNA cloned into either pCDNA3 downstream of the CMV promoter (Invitrogen) or pKNH downstream of the SV40 promoter͞enhancer (24, 25) . Both vectors carry the neomycin-resistance marker. Cells that had incorporated the plasmid DNA in stable form were selected by addition of G418 at 600 g of active principle per ml (pCDNA3) or 400 g of active principle per ml (pKNH) in DMEM. Clonal cell lines were derived from initial sets of G418-resistant colonies by limiting dilution into the wells of 96-well plates, and they are referred to as t3a cells. The t3a-12 clonal cell lines were obtained by transfecting TRPC3a under the control of the CMV promoter of pCDNA3; and the t3a-10.5 clonal cell line was obtained by transfecting TRPC3a under the control of the SV40 early promoter͞enhancer of pKNH.
Quantitative Ratiometric Fluorescence Imaging of Cytosolic Ca ([Ca 2؉ ]i) Using Fura-2. A Nikon TS-100 fitted with an InCyt Im2 imaging system (Intracellular Imaging, Cincinnati) was used to follow changes in intracellular Ca. Cells were plated onto 40 ϫ 40-mm polylysine-coated cover glasses that were placed in a Teflon holding frame to form the bottom of an incubation chamber to which solutions were added with the additions shown in the figures. Cells to be tested for changes in intracellular Ca 2ϩ ([Ca 2ϩ ] i ) were plated onto the coverslips the day before the experiments at a density of Ϸ300,000. Immediately before the experiments, the cells were loaded with the fluorescent Ca 2ϩ indicator dye Fura-2 by incubation with 2 M Fura-2-acetoxymethyl ester in culture medium for 20 min at 37°C in a 5% CO 2 incubator. The cells were then washed twice with HPSS buffer (116 mM NaCl͞5.4 mM KCl͞1.13 mM MgCl 2 ͞10 mM glucose͞20 mM Hepes, pH 7.4) containing 2 mM CaCl 2 and allowed to equilibrate at room temperature for 10 min before the beginning of the imaging experiments (shown in Figs. 1-5 ). Individual cells were chosen for monitoring f luorescence changes by using a ϫ20 Plan Fluor objective (numerical aperture, 0.5; working distance, 2.1 mm)
2).
Informatics. Nucleotide and amino acid sequence analysis and similarity searches were performed either with the GCG WIS-CONSIN PACKAGE (version 10.3; Accelerys, San Diego) or software provided on the web site of the National Center for Biotechnology Information (http:͞͞ncbi.nlm.nih.gov; National Library of Medicine, National Institutes of Health).
Results

The Mouse, Human, and Rat Genomes Encode an Additional Exon
Encoding an N-Terminal Extension of TRPC3. Translation of the ORF encoded in the nucleotide sequence of a full-length cDNA cloned by the RIKEN Fantom consortium (GenBank accession no. AK032317), yields a polypeptide of 921 aa, which is 73 aa longer than the murine TRPC3 (GenBank accession no. AF190645). The nucleotides encoding the additional amino acids preceded those encoding the known TRPC3 ORF. A search for the location of these nucleotides in the mouse genome showed them to be located, as a single block, 18,196 nt 5Ј of the TRPC3 initiator ATG codon (GenBank accession no. NW000184). We refer to this nucleotide set as exon 0 of TRPC3, and we refer to the extended version of TRPC3 as TRPC3a. A search of the human genome for the existence of a homologous exon 0 returned a highly similar block of nucleotides located 18,428 nt 5Ј to the human TRPC3 initiator ATG (GenBank accession no. NT0165354). By using primers based on the nucleotide sequence of the predicted human exon 0, we amplified and assembled a cDNA encoding the human homologue of the mouse TRPC3a, hTRPC3a. A query of the rat genome revealed the existence of a highly homologous rat TRPC3a sequence, with conserved intron-exon boundaries (GenBank accession no. NW047625). The predicted amino acid sequences of human, mouse, and rat TRPC3a are shown and compared in Fig. 1 , which also highlights the intron-exon boundaries. The human, mouse, and rat TRPC3a ORFs encode proteins of 921, 911, and 910 aa, respectively, compared with 848, 836, and 835 aa for the shorter TRPC3 versions. Rat and mouse TRPC3a coding sequences differ in 15 of 911 positions (98% identical), whereas human and mouse differ by 56 of 921 positions, including 10 gaps (93% identical).
Expression of hTRPC3a Reveals a Ca 2؉ Entry Function Similar to That of hTRPC3.
We subjected cells transiently transfected with TRPC3a to the standard test for mediation of agonist-activated Ca 2ϩ entry. In this test, Fura-2-loaded cells are first challenged with agonist in the absence of external Ca 2ϩ , allowed to extrude the IP3-stimulated Ca 2ϩ released from internal stores into the external medium, and then exposed to external Ca 2ϩ to reveal activation (or not) of a Ca 2ϩ -entry path. As shown in Fig. 2 , TRPC3a resembles TRPC3 in that upon transient expression in a mammalian cell it forms classical TRPC-type Ca 2ϩ -entry channels.
Transiently Expressed hTRPC3 Shows Little if Any Responsiveness to
Thapsigargin-Induced Store Depletion. Next, we tested whether transiently expressed TRPC3a could be activated by store depletion in the absence of concomitant activation of the PLC-IP3-IP3 receptor pathway. Fig. 3 shows the most optimistic response that we obtained in several tests. As is the case with TRPC3, TRPC3a also shows a degree of spontaneous activity, which can be revealed as ''leak'' influx in cells subjected to the media exchanges intrinsic to the test protocol, but omitting thapsigargin. Overall, when averaged over several experiments, the small influx of Ca 2ϩ observed after readdition of Ca 2ϩ to the external medium was not significantly different from leak entry.
Clonal HEK 293 Cell Lines That Stably Express TRPC3a Reveal an
Intrinsic Responsiveness to Store Depletion. Given the recent findings with avian DT40 cells (17) showing that responsiveness to store depletion may be interfered with by channel overexpression, we next sought to isolate cells with varying TRPC3a expression levels by taking advantage of the phenomenon that upon clonal isolation of cells expressing cDNAs in stable manner, the isolated cell clones express the cDNA inserts at randomly varying levels (28) . Thus, two transfections were carried out, followed by selection of clonal cell lines. In the first, we transfected the TRPC3a cDNA cloned into pCDNA3, where it would be expressed under the control of the CMV promoter. We obtained one colony, t3a-12, from which several clonal cell lines (t3a-12.1 to t3a-12.7) that all responded to thapsigargin with a Gd ϩ3 -resistant CCE. In the second transfection, the TRPC3a cDNA was carried by a different expression plasmid, pKNH. In Transiently expressed hTRPC3a mediates agonist-activated Ca 2ϩ entry. HEK cells were cotransfected with the vasopressin 1a receptor (V1aR) and pCDNA3 carrying or not the indicated cDNAs. TRPC3 (26) was expressed as a point of reference. To suppress Ca 2ϩ entry through endogenous Ca 2ϩ -entry channels, 5 M GdCl3 was present throughout. Error bars indicate SEM of [Ca 2ϩ ]i averaged over the indicated number of cells. Fig. 1 . TRPC3a amino acid sequence alignments. The human TRPC3a splice variant (t3hum), cloned in the present work, the TRPC3a amino acid sequence encoded in the mouse cDNA (t3mus; GenBank accession no. AK032317) and the amino acid sequence deduced from a predicted rat TRPC3a cDNA (t3rat) are compared. The rat TRPC3a cDNA was predicted by BLAST analysis of the mouse nucleotide sequence (GenBank accession no. AK032317) against the rat genomic sequence. This search returned predicted exon sequences that, upon manual refinement, led to the in silico construction of the rat intron-exon structure, with the corresponding TRPC3a coding sequence that predicts amino acid sequence shown above as t3rat. The alignments compare the rat and mouse amino acid sequences to that of the human. Ϫ, Amino acid identical to that of the human sequence differences are identified; ., gap; ͉, intron-exon boundaries; * , stop. N-terminal exon 0 sequences are shown in bold at the beginning of the alignments. The number of amino acids encoded in the three ORFs are listed at the end the sequences, which are the number of amino acids encoded in the human TRPC3 (GenBank accession no. U4750), mouse TRPC3 (GenBank accession no. AF190645), and rat TRPC3 (GenBank accession no. AB022331) cDNAs.
pKNH, the inserted cDNA is under the control of the weaker (compared with CMV) SV40 early promoter, which normally controls the expression of the T antigen and includes an enhancer element and the SV40 origin of replication. This expression plasmid was developed in the laboratory of S. Numa (University of Kyoto, Kyoto) in Japan in the late 1980s (25) . An initial screen of 33 independent clonal cell lines, carried out as before in the presence of 5 M Gd 3ϩ to suppress endogenous CCE, yielded no clones exhibiting a Gd 3ϩ -resistant CCE. We reasoned that if indeed we were mimicking a true CCE channel, it might also be more sensitive to inhibition by Gd 3ϩ than expected from the resistance of overexpressed TRPC3a. A test of the sensitivity of endogenous Ca 2ϩ influx channels showed that 1 M of the lanthanide would suffice to screen out the endogenous Ca 2ϩ influx activities from interfering with the test for TRTPC3a ability to mediate CCE (Fig. 4) . Thus, the 33 clonal cell lines that had stably integrated the TRPC3a cDNA inserted into pKNH were retested in the presence of 1 M, instead of 5 M, Gd 3ϩ . We obtained one cell clone, t3a-10, that showed robust Gd 3ϩ -resistant thapsigargin-induced CCE and several other cell clones that showed a weaker Gd 3ϩ -resistant CCE. Fig. 5 shows thapsigargin-stimulated Ca 2ϩ entry into HEK cells stably expressing TRPC3a under the SV40 (t3a-10 cells; A) or CMV (t3a-12.1 cells; B) promoter.
Discussion
The experiments described above, in which the concentration of Gd 3ϩ had to be reduced to uncover the responsiveness of TRPC3a to store-depletion signal, highlight an intrinsic difficulty in research designed to unravel the molecular makeup of CCE channels. CCE channels are ubiquitous and present in all cell types studied so far, whether they are excitable (such as muscle and neuronal cells), nonexcitable (such as hepatocytes, endothelial, or epithelial cells), or dedifferentiated fibroblasts kept in culture for decades (such as mouse tk Ϫ L cells) (29) . Many of these cells, including HEK 293 cells, are positive for TRPC3 mRNA, as assessed by RT-PCR (ref. 30 and E.Y. and L.B., unpublished data), and presumably also positive for TRPC3 protein and TRPC3 channel activity. However, all of the endogenous capacitative and agonist-activated Ca 2ϩ -entry channels are highly sensitive to Gd 3ϩ . Thus, we reason that, the closer artificially expressed channel molecules mimic the natural channels, the more sensitive they are likely to be to inhibition by promoter enhancer of pKNH were plated onto 4 ϫ 4-cm cover glasses, mounted for videomicroscopy imaging, loaded with Fura-2, and tested for their response to store depletion, as described in Materials and Methods; 1 (A) or 5 (B) M Gd 3ϩ were present throughout for t3a-10 and t3a-12.1 cells, respectively. As controls, t3a cells were treated the same way, except thapsigargin was omitted. The difference highlights that TRPC3a is capable of forming store-depletion-activated Ca 2ϩ -entry channels. Error bars indicate SEM of [Ca 2ϩ ]i averaged over the indicated number of cells.
Gd 3ϩ , which is the putative ''screen'' used to eliminate interference by endogenous channels and facilitate visualization of the expressed cDNAs. To avoid this catch-22 situation, studies should be done without the use of the Gd 3ϩ visualization aid.
In conclusion, the demonstration that TRPCs can be activated by store depletion, as shown in the present report for TRPC3a, and in other reports for TRPC1, TRPC2, TRPC4 and TRPC5 (vide supra), clearly indicates that TRPCs have the intrinsic characteristics that make them prime candidates for forming CCE channels. However, true CCE channels, which in addition to being activated by store depletion also exhibit the highly Ca 2ϩ selective permeation characteristics, have yet to be recapitulated in in vitro transfection experiments. One reason for this failure, set forth immediately after discovering the existence of multiple mammalian TRPCs (3), may be that CCE channels are heteromultimers, and instead of expressing single TRPCs, it is necessary to express the correct combination of TRPCs. Another reason may be whatever lies at the core of the different properties of TRPC channels expressed at differing levels. One possibility is that CCE channel activity requires a limiting cofactor and that overexpression would leave TRPCs wanting for this factor. Whatever this factor may be, if it exists, would have to form stable complexes with the endogenous channels, because factor depletion would otherwise be predicted to render the endogenous channels Gd 3ϩ -resistant. Another possibility is that the difference between overexpressed and endogenous channels depends on the intracellular location of the protein, such that endogenous channels and overexpressed channels do not mix. The recent report by Singh et al. (31) that TRPC3 interacts with proteins from the exocytotic machinery, VAMP2 and ␣SNAP, and the fact that stimulation of the cellular Gq-PLC-IP3 pathway is associated with an increase of transfected TRPC3 molecules on the cell surface lends support to the idea that subcellular compartmentalization of CCE channels is a relevant variable to consider. In this context, if overexpressed TRPC channels and CCE channels distribute in different compartments, they could also have distinct properties. Studies are needed to address these questions.
